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Objective: Post-traumatic osteoarthritis (PTOA) commonly affects the knee joint. Although the risk of
PTOA substantially increases post-joint injury, there is little research examining PTOA outcomes early in
the period between joint injury and disease onset. Improved understanding of this interval would inform
secondary prevention strategies aimed at preventing and/or delaying PTOA progression. This study ex-
amines the association between sport-related knee injury and outcomes related to development of PTOA,
3e10 years post-injury.
Design: This preliminary analysis of the ﬁrst year of a historical cohort study includes 100 (15e26 years)
individuals. Fifty with a sport-related intra-articular knee injury sustained 3e10 years previously and 50
uninjured age, sex and sport matched controls. The primary outcome was the ‘Symptoms’ sub-scale of
the Knee Osteoarthritis and Injury Outcome Score (KOOS). Secondary outcomes included; the remaining
KOOS subscales, body mass index (BMI), hip abductor/adductor and knee extensor/ﬂexor strength,
estimated aerobic capacity (VO2max) and performance scores on three dynamic balance tests.
Descriptive statistics (mean within-pair difference; 95% Conﬁdence interval (CI) and conditional odds
ratio (OR, 95% CI; BMI) were used to compare study groups.
Results: Injured participants demonstrated poorer KOOS outcomes [symptoms 9.4 (13.6, 5.2),
pain 4.0 (6.8, 1.2), quality-of-life 8.0 (11.0, 5.1), daily living 3.0 (5.0, 1.1) and sport/
recreation 6.9 (9.9, 3.8)], were 3.75 times (95% CI 1.24, 11.3) more likely to be overweight/obese and
had lower triple single leg hop scores compared to controls. No signiﬁcant group differences existed for
remaining balance scores, estimated VO2max, hip or knee strength ratios or side-to-side difference in hip
abductor/adductor or quadricep/hamstring strength.
Conclusions: This study provides preliminary evidence that youth/young adults following sport-related
knee injury report more symptoms and poorer function, and are at greater risk of being overweight/
obese 3e10 years post-injury compared to matched uninjured controls.
© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.: J.L. Whittaker, Sport Injury
University of Calgary, 2500
1-403-220-2252.
hittaker), linda.woodhouse@
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Osteoarthritis (OA) is themost common chronic joint disease for
which there is no known cure1. It is characterized by joint pain and
mobility disability in the presence of radiographic changes (e.g.,
cartilage loss, joint space narrowing and osteophytes). Further, OA
is linked with increased rates of comorbidity (e.g., obesity, diabetes
and heart disease)2, ranks 5th amongst all forms of disability world-td. All rights reserved.
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related to arthritis4.
While idiopathic OA typically develops in older adults, evidence
suggests there is an increasing burden in youth and younger adults
who develop post-traumatic osteoarthritis (PTOA) prematurely as a
result of a joint injury sustained in their youth5. Although previous
joint injury is associated with the onset of PTOA, the time course of
symptom onset and etiology of the disease is complex and involves
the consideration of multiple risk factors including individual
predispositions (e.g., genetics) and lifestyle factors (e.g., overweight
and obesity)5e7. Regardless, once sustained, an injury requires early
diagnosis and care to ensure optimization of secondary preventa-
tive interventions that may slow disease onset and progression.
The sequence of events from joint injury to PTOA onset is
particularly relevant to the knee joint as it is one of the most
frequently injured joints during youth sport and recreation8 and
the joint most commonly affected by OA1. Speciﬁcally, sport and
recreation participation has been identiﬁed as a leading cause of
injury requiring medical attention amongst youth, with knee and
ankle injuries being the most prevalent9,10. Further, prospective
studies report that 12e20 years post knee injury, there is a 10-fold
increased risk of developing knee OA (based on radiographic
assessment), compared to an uninjured population5. In fact, more
than 50% of individuals with an anterior cruciate ligament (ACL)
tear or meniscus injury go on to develop PTOA6,11.
In addition to pain, mobility disability and the potential for
increased societal burden, knee joint injury has been shown to have
physiological12, functional13,14, and behavioral15 consequences that
may have a detrimental inﬂuence on long-term health outcomes.
There is, however, a paucity of research examining outcomes early
(<10 years post-injury) in the period between joint injury and PTOA
onset when secondary prevention interventions have the greatest
potential to delay or prevent progression to disease16. Given the
potential long-term health impact of joint injury, it is a priority to
improve understanding of these injuries in youth and adolescent
populations in the context of determining the origins of health and
disease throughout the lifespan. Once joint injury has occurred, it is
imperative that individuals who have yet to display clinical signs of
PTOA but who are at high risk of developing the disease are studied
as they may hold clues vital to the early detection, disease trajec-
tory and development of interventions aimed at halting or slowing
disease progression. The purpose of this research was to examine
the association between a knee joint injury sustained in youth sport
and early clinical (knee related symptoms and quality of life),
structural (body mass index (BMI)), functional (strength, dynamic
balance) and physiological (aerobic ﬁtness) outcomes associated
with early onset PTOA and other long-term health outcomes in the
ﬁrst 10 years post-injury.
Method
Study design
A preliminary analysis of an ongoing historical cohort study.
Participants
This preliminary analysis included 100 youth/young adults
recruited into a historical cohort between June and December 2013.
Fifty participants who had sustained a sport-related intra-articular
knee injury 3e10 years previously and 50 uninjured age, sex and
sport (at time of injury) matched controls. These participants
represent the ﬁrst 50 matched pairs recruited in year 1 (2013) of
longitudinal historical cohort study (The Alberta Youth Prevention
of Early OA Study) that will target recruitment of 100matched pairs(n¼ 200) whowill be followed annually for at least 3 years and will
include a diversity of additional outcomes (e.g., imaging, bio-
markers, biomechanics, healthcare utilization).
Participants were recruited by telephone contact after identi-
fying them from one of three sources; previous cohort studies
conducted by the Sport Injury Prevention Research Centre (SIPRC),
University of Calgary that examined injury risk factors in various
youth sports (both injured and uninjured participants)17e22, the
University of Calgary Sport Medicine Centre (SMC) database
(injured participants only) or through personal distribution of
study information by study co-investigators, collaborators and
participants (uninjured controls only). The injured group included
individuals who sustained an intra-articular knee injury during a
previous cohort study (contact was attempted for all individuals
from these previous studies that had sustained an intra-articular
knee injury) or who had presented to the SMC with a sport-
related intra-articular knee injury 3e10 years previously (contact
was based on a computer generated random list). In contrast, the
uninjured group included individuals who reported no time-loss
knee injury, conﬁrmed by medical consultation, in the previous
10 years. For the purposes of this study, intra-articular knee injury
was deﬁned as a clinical diagnosis of knee ligament, meniscal or
other intra-articular tibio-femoral or patella-femoral injury (e.g.,
osteochondral, fractures etc.) within the past 3e10 years that
required both medical consultation (physician or physiotherapist)
and resulted in disruption of regular sport participation. Injury
diagnoses were based upon diagnostic codes recorded on physical
therapy completed injury report forms (for participants recruited
from previous cohorts studies) and sport physician completed
medical records (for participants recruited from the SMC database)
and then conﬁrmed by participants. Exclusion criteria included
pregnancy, non-steroidal anti-inﬂammatory use or cortisone in-
jection within 3 months prior to testing, a musculoskeletal injury
within the previous 3 months prior to testing that resulted in time
loss (work, school or sport), diagnosis of other arthritides, or any
current medical problem that prevented participation in the func-
tional testing aspect of the study (e.g., neurological conditions). A
sample size of 100 is a conservative estimate based on the ability to
detect a clinically meaningful difference (eight points)23 between
study groups for the primary (KOOS symptoms sub-scale) outcome
(1-b ¼ 0.8, a ¼ 0.05, uninjured mean ¼ 95, injured mean ¼ 87,
standard deviation of within pair differences ¼ 18)24 based on
univariate analyses adjusted for a 15% drop-out rate over the course
of the 3 year historical cohort study. Ethics approval was granted
from the Conjoint Health Research Ethics Board at the University of
Calgary, Canada and all participants provide signed consent/assent
and completed a Physical Activity Readiness questionnaire (PAR-Q,
2002) prior to testing.
Data collection
All data were collected during one testing session at the Uni-
versity of Calgary SMC. After completing a study questionnaire that
gathered demographic details, information about knee injury/sur-
gery (including information regarding additional ipsilateral or
contralateral knee and lower extremity injuries) and medical his-
tory, as well as the Knee Injury and Osteoarthritis Outcomes Score
(KOOS)25, participants rotated through testing stations that
measured anthropometric details (height, weight), lower extremity
isometric strength, dynamic balance and estimated VO2max. BMI
(kg/m2) was calculated from measurements of participants' height
(to the nearest 0.1 cm; shoes removed) and weight (to the nearest
0.1 kg) assessed using a medical scale and stadiometer (Model
402 KL, Pelstar, USA). Background, measurement properties, testing
procedures and data reduction for the KOOS, hip and knee
Table I
Summary of available historical baseline characteristics (3e10 years previously)
Variable Uninjured n ¼ 33 Injured n ¼ 26
Sex (% female) 42 42
Age (years) 14.4 (13.3, 15.4) 14.3 (13.6, 15.0)
Height (cm)* 167.5 (161, 174) 173.9 (169, 178)
Weight (kg)* 55.3 (47.6, 63.1) 67.4 (61.5, 73.2)
BMI (kg/m2)* 19.3 (17.8, 20.8) 22.1 (20.9, 23.4)
Baseline to follow-up (years) 8.1 (6.8, 9.4) 6.9 (5.6, 8.2)
Values represent mean (95% CI) accept for sex.
* Based on 17 uninjured and 21 injured participants (data missing for 16 unin-
jured and ﬁve injured participants). Due to missing data, between group compari-
sons have not been made.
Table II
Characteristics at time of recruitment into the historical cohort, 2013e14
Variable Uninjured
n ¼ 50
Injured
n ¼ 50
Sex (% female, 95% CI) 42 42
Age at follow-up (yrs; median, range) 22 (15e26) 22 (16e26)
Baseline to follow-up (yrs; mean, 95% CI) 7.0 (4.7, 9.0) 6 (3.0, 10.0)
Age at injury (yrs; median, range) n/a 15, (9e18)
Injury to follow-up (yrs; median, range) n/a 6.6, (3e10)
Number with index knee surgery 0 27*
Number with contralateral knee injury 0 16
Number with contralateral knee surgery 0 8y
Number with index lower limb injury 5 5
Number with contralateral lower limb injury 8 4
* 20 of these were ACL reconstructions.
y Four of these were ACL reconstructions.
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TSLH; Star Excursion balance test, SEBT; and Unipedal dynamic
balance, UPDB) and VO2 max (mlO2 kg1min1) values predicted
from the Leger 20 m shuttle run can be found in Appendix 1.
Analyses
Statistical analyses were performed using STATA (v12.1, Collage
Station, Texas, USA). Where appropriate, data were tested for
normality (ShapiroeWilk Test, alpha ¼ 0.05) and homogeneity of
variance to ensure appropriateness of parametric analyses. In the
case of missing data the participant and their matched pair were
removed from the speciﬁc analyses Available historical baseline
(3e10 years previous) information on covariates at the time of
recruitment into the original cohort study (e.g., age, sex, weight,
height, BMI, sport) are reported for both study groups (means or
proportions; 95% Conﬁdence interval (CI) or, median; range) and
the signiﬁcance of any observed clinical differences discussed.
Similarly, covariates (e.g., age, time since knee injury, other lower
limb injury) at historical cohort study recruitment are summarized
and rates of non-participation and losses to follow-up reported for
both study groups. Baseline age, sex and sport of those who
participated in the study were compared to those that did not.
To account for the matched design descriptive statistics (mean
difference; 95% CI) of within pair differences for all outcomes were
calculated. Conditional (matched design) logistic regression (odds
ratio (OR), 95% CI) to used to assess the odds of being overweight or
obese between study groups. Speciﬁcally, BMI was dichotomized as
either healthy weight or overweight/obese. For participants under
20 years BMI was converted into age and sex-speciﬁc percentiles
using US growth charts and then categorized according to age and
sex speciﬁc cut-offs (healthy ¼ 5the85th percentile,
overweight ¼ 85the 95th percentile, or obese >95th percen-
tile)26,27. For older (20 years of age) participants, BMI categories
were deﬁned as normal (18.5e24.9 kg/m2) overweight
(25.0e29.9 kg/m2) or obese (>30.0 kg/m2)28. Finally, a Pearson's
correlation coefﬁcient (r) was used to explore the relationship be-
tween KOOS sub-scales and a preliminary multivariable linear
regression model adjusted for clustering by pair (backwards se-
lection) was used to better understand the role that BMI (contin-
uous data) may have in the relationship between injury history and
KOOS symptom score was performed.
Results
In order to recruit 100 participants to the historical cohort
telephone contact was attempted for 1162 individuals. Of these 322
individuals were reached resulting in a participation rate of 31.1%.
Approximately 22% of non-participation was due to a lack of in-
terest while there was a small percentage of individuals that were
either ineligible (2.2%) or could not be matched (6.4%). There was
no difference in the proportion (%; 95% CI) of females [participants
39% (35.7, 41.5); non-participants 42% (32.2, 51.7)], age [(partici-
pants 21 (20.7, 21.9); non-participants 22 (21.8, 22.2)] or distribu-
tion of sport participation between those that participated in the
study (n ¼ 100) and those that did not (n ¼ 222).
Sixty-two percent (33/50) of uninjured and 52% (26/50) of
injured participants were recruited from previous SIPRC cohort
studies. Historical (3e10 year) baseline characteristics of these 59
participants are summarized in Table I. Due to methodological
differences in these previous studies, historical baseline height,
weight and BMI were available for only 38 (17 uninjured and 21
injured) of these 59 participants. As values for these variables were
not available for all 50 matched pairs, between group comparison
was not undertaken. Participants came from a variety of sportingbackgrounds (hockey, soccer, track and running, basketball,
volleyball, skiing, football, dancing, rugby and baseball) with the
majority having been soccer (32%) and hockey (32%) players.
Covariates at baseline recruitment into the historical cohort for
all participants (n ¼ 100) are summarized in Table II. Forty-two
percent of the historical cohort was female and the median age of
participants was 22 years. The median age of injury for the injured
study group was 15 years and the median time between injury and
follow-up was 6.6 years. Twenty of the injured participants had
Grade III ACL sprains, all of which were surgically reconstructed. A
further nine had meniscal injuries, ﬁve of which underwent
arthroscopic surgery. Four had other ligament injuries (ﬁrst to third
degree Medial Collateral Ligament and Lateral Collateral Ligament
sprains, or ﬁrst to second degree ACL or Posterior Cruciate Ligament
sprains) while two participants sustained intra-articular fractures.
The remaining ﬁfteen fell into an ‘other’ diagnostic category, con-
sisting of patella-femoral dislocations and subluxations.
Descriptive statistics for all outcomes by study group are sum-
marized in Table III, while within pair differences are summarized
in Table IV. Two pairs were excluded from the strength analyses
(dynamometer battery malfunction) and one for the estimated
VO2max analyses (refused) due to missing data. Injured partici-
pants had higher BMI, and scored lower, indicating poorer
outcome, on all ﬁve sub-scales of the KOOS with the largest be-
tween group differences in the ‘symptoms’ and ‘knee related
quality of life’ subscales. Additionally, the injured group had a
slightly lower performance score on the triple single leg hop test. In
contrast, no between group differences existed for measures of
strength (side-to-side difference or index leg hip and knee ratios),
the remaining dynamic balance test scores or estimated VO2max.
After dichotomizing BMI, participants with a history of knee injury
were 3.75 times (95% CI 1.24, 11.3) more likely to be classiﬁed as
overweight/obese (unadjusted conditional OR).
Table III
Summary of descriptive statistics by study group
Outcome Uninjured n ¼ 50 Injured n ¼ 50
KOOS Sub-scales Pain 100 (94.4e100) 94.4 (88.9e100)
Symptoms 96.3 (92.9e96.4) 85.7 (78.6e92.9)
ADL 100 (100e100) 99.3 (95.6e100)
Sport/Rec 100 (97.2e100) 94.4 (83.3e97.2)
QoL 100 (97.2e100) 91.7 (86.1e94.4)
KOOS5 (lower score denotes better function) 0.6 (0.2e1.8) 2.4 (1.2e4.6)
BMI (kg/m2) 23.4 (21.0e24.6) 25.1 (22.8e27.6)
Strength side-to-side differential ratioy Hip abductors 1.0 (0.5e1.4) 1.0 (0.7e1.6)
Hip adductors 1.0 (0.5e1.7) 1.1 (0.7e2.0)
Quadriceps 1.0 (0.5e2.4) 1.0 (0.8e1.8)
Hamstrings 1.0 (0.6e2.3) 1.0 (0.5e1.6)
Strength ratio* Abductor/Adductor 1.4 (0.5e3.0) 1.5 (0.9e4.2)
Quadriceps/Hamstrings 1.7 (0.6e3.3) 2.0 (0.6e4.1)
TSLH (% of leg length) 462 (289e621) 439 (184e563)
SEBT (cm accounting for leg length) 80 (66e93) 78 (64e89)
UPDB (seconds) 4.8 (2.5e15.7) 4.3 (2.3e18.0)
VO2max (ml/kg2) 46.4 (36.5e53.0) 46.4 (36.5e49.7)
Values represent median (range).
* Index leg.
y Index leg/non-index leg. ADL ¼ function in daily living, QoL ¼ knee related quality of life, VO2max ¼ estimated maximum voluntary oxygen uptake.
Table IV
Summary of descriptive statistics for pair differences
Outcome Matched pair difference
n ¼ 50
KOOS Sub-scales Pain 4.0 (11.2) 6.8, 1.2*
Symptoms 9.4 (5.1) 13.6, 5.2*
ADL 3.0 (7.8) 5.0, 1.1*
Sport/Rec 6.9 (10.6) 9.9, 3.8*
QoL 8.0 (10.2) 11.0, 5.1*
KOOS5 (lower score denotes better function) 2.3 (1.5) 1.3, 3.3*
BMI (kg/m2) 2.1 (4.1) 0.9, 3.4*
Strength side-to-side
differential ratioþ
Hip abductors 0.05 (0.3) 0.04, 0.15
Hip adductors 0.10 (0.4) 0.13, 0.22
Quadricep 0.06 (0.4) 0.17, 0.05
Hamstrings 0.10 (0.4) 0.22, 0.02
Strength ratioy Abductor/Adductor 0.22 (0.8) 0.02, 0.46
Quadricep/Hamstring 0.23 (0.9) 0.05, 0.52
TSLH (% of leg length) 30.9 (82.3) 54.3, 7.6*
SEBT (cm accounting for leg length) 1.2 (7.6) 2.2, 0.2
UPDB (seconds) 1.0 (4.2) 3.4, 0.92
VO2max (ml/kg2) 1.9 (10.5) 5.2, 1.4
Values represent mean pair difference ¼ injureduninjured (standard deviation)
95% CI. þ Index leg/non-index leg.
* Difference is signiﬁcantly different than zero (alpha ¼ 0.05).
y Index leg.
J.L. Whittaker et al. / Osteoarthritis and Cartilage 23 (2015) 1122e1129 1125The correlations between the ﬁve KOOS sub-scale scores are
reported in Table V. The correlation between the KOOS ‘symptoms’
and ‘knee related quality of life’ subscales (the two with the largest
between group differences) was 0.787. Finally, preliminary multi-
variable linear regression revealed a signiﬁcant relationship be-
tween injury history and KOOS symptoms sub-scale score with the
binjury coefﬁcient of 9.43 (95% CI; 13.65, 5.21) indicating that
injured participants scored a mean of 9.43 points lower on the
KOOS symptoms sub-scale than controls (F ¼ 20.13, P < 0.001,Table V
Correlations (r)* between KOOS subscale scores
KOOS subscale Pain Symptoms ADL SR QoL
Pain 1.00
Symptoms 0.641 1.00
ADL 0.480 0.803 1.00
SR 0.696 0.772 0.775 1.00
QoL 0.603 0.657 0.633 0.787 1.00
* Correlations are based upon Pearson's correlation coefﬁcients, SR ¼ activities in
sport and recreation.r2¼ 0.17). This relationship was not inﬂuenced by BMI and BMI was
thus eliminated from the model. However, as it is likely that the
true effect of BMI will require a model that simultaneously con-
siders time since injury the true nature of the inﬂuence of BMI on
this relationship cannot be elucidated without a larger dataset and/
or follow-up data.Discussion
The ﬁndings of this study suggest that youth/young adults who
sustain a sport-related intra-articular knee injury experience more
knee related symptoms, which impact their function in daily living
and sport/recreational activities and reduce their knee related
quality of life (as measured by the KOOS), within 3e10 years
following the injury. Further, although they appear to have similar
dynamic balance, estimated VO2max and similar hip and knee
strength as their age, sex and sport matched controls, injured
participants have a higher BMI and are 3.75 times (95% CI 1.24, 11.3)
more likely to be categorized as overweight/obese.Clinical symptomology
Although the difference in scores on the ﬁve KOOS sub-scales
(ranging from 3.0 on the function in daily living to 9.4 points
on the symptoms sub-scale) are statistically signiﬁcant at a 95%
conﬁdence level their clinical relevance is not immediately
apparent. Collins et al.23 report the minimal detectable changes for
each subscale as; pain 6e6.1, symptoms 5e8.5, function in daily
living 7e8, function in sport/recreation 5.8e12 and quality of life
7e7.2. Thus, it is likely that the between group differences for the
symptoms, function in sport/recreation and knee related quality of
life subscales are clinically relevant, while the differences on the
remaining sub-scales may represent possible emerging trends that
will need to be conﬁrmed with longitudinal follow-up. Neverthe-
less, these ﬁndings are consistent with values from a similar pop-
ulation of college freshman (mean age 18 years) with self-reported
history of knee ligament injury24 and suggest that young adults
with a history of intra-articular knee injury demonstrate clinical
symptomology consistent with the onset and future development
of PTOA.
The moderately high correlation between the symptoms and
knee related quality of life subscales (r ¼ 0.787) suggests that these
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related injury outcome. Speciﬁcally, that in this population, knee
related symptoms inﬂuence knee related quality of life. Although
no previous literature comparing the correlation between KOOS
subscales could be found several authors have compared the KOOS
subscale scores to the SF-36 subscale scores. For instance Roos
et al.25 reported that the KOOS ‘symptoms’ and ‘knee related quality
of life’ from 21 participants (18e46 years) about to undergo ACL
reconstruction correlated most highly with the SF-36 physical
functioning (r ¼ 0.29) and general health (r ¼ 0.28) respectively.
Similarly, Salavati et al.29 demonstrated the ‘symptoms’ and ‘knee
related quality of life’ from 57 athletes (25.6 ± 3.4 years) 7.6 ± 2.2
months after ACL reconstruction correlated most highly with gen-
eral health (r ¼ 0.49) and social functioning (r ¼ 0.59) respectively.
BMI
Although BMI does not directly measure visceral body adiposity
(which is strongly associated with an increased cardiometabolic
risk)30, it is widely used as a surrogate measure of adiposity in large
epidemiological studies due to ease of measurement and ability to
predict long-term disease risk31. Speciﬁcally, increasing BMI cate-
gory and obesity are highly associated with multiple morbidity,
cardiovascular disease and type-2 diabetes mellitus which in turn
are major causes of morbidity and mortality in the industrialized
world30. Obesity is also associated with poorer functional move-
ment32 and is well established as a risk factor for OA33.
While injured participants in this study demonstrated higher
BMI it is difﬁcult to know if the increase in BMI was a consequence
of, or preceded, the joint injury. A recent longitudinal cohort study
conducted in the Netherlands has shown that children (7.7e12
years of age) overweight by BMI and percent total body fat are at
higher risk for lower extremity injuries compared to those of
normal weight34. Therefore it is plausible that the injured study
group was of higher BMI prior to their joint injury and in fact the
increased BMI contributed to the risk of injury. Although we only
have historical baseline data related to BMI for 38 of the partici-
pants (and unable to perform between group comparisons) our
data would suggest that this may be the case and highlights the
importance of considering the inﬂuence of BMI on PTOA related
outcomes in future analyses. Regardless, of the temporal sequence,
injured participants demonstrated a higher risk of being catego-
rized as overweight/obese and as a result it is plausible that their
risk of PTOA resulting from previous joint injury will be com-
pounded by emerging weight gain (accelerate the rate at which
injured participants progress to disease and the rate at which the
disease itself progresses). These ﬁndings also suggest that in-
dividuals with a 3e10 year history of intra-articular knee injury
may be at higher risk for other long-term health outcomes
compared to those with no previous history of knee injury.
Strength, estimated VO2max, dynamic balance
There were no clear differences in strength (other than slightly
lower side-to-side difference in quadriceps strength), VO2max or
dynamic balance outcomes identiﬁed in this study. However, on
closer examination were possible emerging trends for reduced
performance scores on the TSLH and UPDB tests as well as reduced
VO2max. These parameters need to be conﬁrmed with a longer
periods of repeated longitudinal follow-up in a larger sample size.
Implications for early detection and secondary prevention
The ﬁndings of this investigation may have implications for
early detection and secondary prevention strategies aimed atdelaying/preventing the onset of PTOA for individuals that sus-
tained a sport-related intra-articular knee injury in their youth
(<18 years of age). For instance, self-reported knee symptoms,
reduced function in sport/recreation and knee related quality of life
may prove helpful in identifying individuals at risk of future PTOA
speciﬁcally if including a measure of joint structure such as a
Magnetic resonance imaging (MRI) outcome. Further, as obesity is a
modiﬁable risk factor for PTOA and future negative health-
outcomes, interventions aimed at individuals who have sustained
an intra-articular knee injury focused on maintaining a healthy
weight would seem appropriate. This approach of maintaining a
healthy weight, as opposed to relying on subsequent weight-loss
interventions, is supported by evidence highlighting the difﬁculty
of sustaining and high cost of multi-component weight-loss pro-
grams33. However, success of secondary prevention programs
focused on maintaining healthy weight would require additional
information related to physical activity participation, nutrition and
individual's beliefs associated with physical activity participation,
injury and OA in this population.Strengths and limitations
The strengths of this investigation include the matched design
(age, sex and sport at the time of injury) and the conﬁrmation of
intra-articular knee joint injury by a physiotherapist or physician
at the time of knee joint injury, which minimizes potential
misclassiﬁcation bias. These data are from the ﬁrst 100 partici-
pants recruited in year 1 of an ongoing longitudinal cohort study
that will involve 200 participants (100 with an injury history and
100 age, sex and sport matched controls) who will be followed up
on a diverse number of outcomes (e.g., inﬂammatory biomarkers,
MRI, radiography, dual X-ray absorptiometry, physical activity
participation, nutrition, healthcare utilization, kinetics and kine-
matics etc.) in addition to what has been presented here, annually
for 3 years. A larger sample size may facilitate multivariable an-
alyses to consider potential confounding by history of other lower
limb injuries, time since injury, knee injury type and surgical
intervention, which was not possible in the current investigation.
Accordingly, it is important to consider that the conclusions pre-
sented here are based upon univariate analyses and may alter
when multiple covariates are taken into account. A further
consideration is that although this investigation was only fully
powered for the main outcome (KOOS symptoms sub-scale) a
smaller than expected standard deviation of within pair differ-
ences (less than 18) for all KOOS subscales (see Table IV) has
resulted in ﬁnding signiﬁcant differences (paired t tests, P < 0.001)
even after considering multiple comparisons (alpha ¼ 0.05/5 sub-
scale comparisons ¼ 0.01). Finally it is important to consider that
participants in this study represent an active youth sport popu-
lation and as such ﬁndings may be limited in generalizability to
less active youth.Conclusion
This study provides preliminary evidence that young adults
with a history of sport-related knee injury demonstrate greater
clinical symptomology consistent with the onset and development
of PTOA. This group is also at higher risk of being categorized as
overweight/obese, which compounds PTOA risk, and increased risk
of future poor health outcomes. Although only preliminary, these
ﬁndings have the potential to inform early identiﬁcation of in-
dividuals at risk of PTOA and development of secondary prevention
strategies aimed at reducing the individual, societal, and economic
health burden of joint injury and PTOA.
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Appendix 1. Background, Measurement Properties, Testing
Procedures and Data Reduction for Study Outcomes
The KOOS is a self-report measure designed to evaluate knee
related symptoms and function in young active patients with knee
injury and OA. It has been validated in different populations varying
in age, disease duration and activity levels, including in individuals
post-ACL reconstruction25, knee arthroscopy35 andwith a history of
meniscectomy (with and without OA)36. Further, it has been shown
to have high test-retest reliability (ICC's ranging from 0.78 to
0.97)37. The KOOS consists of 42 items in ﬁve subscales: pain, other
symptoms, function in daily living, function in sport and recreation,
and knee-related quality of life. Each item was scored on a 5-point
likert scale ranging from no problems to extreme problems. Sub-
scale scores were then summed, and the total sub-scale score
transformed to a 0e100 scale (higher scores indicating better
outcome). Finally, similar to Frobell and colleagues38 a mean of the
ﬁve sub-scale scores (KOOS5) was calculated.
Hip abductor, adductor, and knee extensor, ﬂexor isometric
strength (Nm/kg) was assessed using hand-held isometric dyna-
mometry (Model 01163, Lafayette Instrument, USA). Participants
performed one practice and three experimental trials (5 s maximal
effort of pushing/pulling into an immovable strap) for all muscles,
interspersed by a 15 s rest periods, with the peak value from the
three trials recorded for analyses. Hip abduction and adductionstrength were measured using methods originally described by
Jaramillo et al.39 (dynamometer placed 5 cm proximal to the knee
joint and secured to the thigh with an immovable strap with par-
ticipants in a side-lying position), which have been reported as
highly reliable (peak force ICC: intra-session 0.97e0.98; inter-
session 0.87e0.95)40,41. Knee extension strength was measured
using methods described by Willams-Andrews et al.42 and Bohan-
non et al.43 (peak force ICC: intra-session 0.96e0.97). Speciﬁcally,
with participants seated with hips and knees in 90 and 60 ﬂexion
respectively, the dynamometer was placed 5 cm proximal to the
distal tip of the lateral malleoli on the anterior shin and secured to
the leg with an immovable strap44,45. Finally, knee ﬂexion strength
was tested in a prone position with the knee in 60 ﬂexion and the
dynamometer placed 5 cm proximal to the distal tip of the lateral
malleoli on the posterior aspect of the ankle, and secured to the leg
with an immovable strap. The peak isometric strength (N) scores
were converted to torque values (Nm; force  distance between
joint line and dynamometer position) and normalized to body
weight (Nm/kg) before side-to-side differential (ratio of the index/
non-index leg scores expressed as a percentage) and hip adduction/
abduction, knee ﬂexion/extension strength ratios were calculated.
For the purposes of this investigation, the index leg refers to the
injured leg of the injured participants and corresponding leg of the
matched control.
Dynamic Balance was assessed with the Triple Single-Leg Hop
(TSLH), Star-Excursion Balance (SEBT) and Unipedal Dynamic Bal-
ance (UPDB) tests. The TSLH test is a performance-based measure
that evaluates neuromuscular control, force generating capacity
and leg conﬁdence that has been validated and used in individuals
with ACL injury46,47. Longitudinally, it has been shown to be
moderately correlated to the Global Rating Scale (r ¼ 0.44) and
Lower Extremity Functional Scale (r ¼ 0.26)48, and has been hy-
pothesized to be a useful tool to predict risk of future problems as a
result of a previous knee injury49. After a practice trial each
participant performed two trials of three consecutive single-leg
hops with the goal of jumping as far as possible50. For a trial to
be included, the landing had to be solid without excessive unbal-
anced movements or twisting of the foot. The maximum distance
across trials was recorded for each leg and expressed as a per-
centage of leg length. The SEBT is a combined measure of postural
control, strength, range of motion, and proprioceptive abilities.
Previous studies have reported excellent test-retest reliability (ICC
0.82e0.87)51,52, an ability to detect balance deﬁcits in young adults
with chronic ankle instability53, and predict lower limb injuries in
high school basketball players52. Participants stood on one leg in
the centre of a grid, with hands on the pelvis, and reached with the
non-stance leg as far as possible in anterior, posterolateral and
posteromedial directions52. A trial was discarded and repeated if
the participant failed to maintain unilateral stance, lifted or moved
the stance foot from the grid, touched downwith the reach foot, or
failed to return the reach foot to the starting position. After a
practice trial on each leg, three trials on each leg were completed
with 15 s rests between trials. The maximal reach distance at the
point where the most distal part of the foot extended to was
measured and normalized for lower limb length. The UPDB test is a
timed test performed on a high-density (50 kg/m3) closed cell,
foam pad (Airex Balance Pad®, L-group, St. Louis, MO) that has been
found to be reliable in youth athletic populations54. Participants
stood in the centre of a foam pad with hands on hips, closed their
eyes and elevated the non-test foot from the pad to balance on the
test leg as long as possible. Themaximum stance time of three trials
(15 s rests between trials) was recorded for each leg. Loss of balance
was deﬁned as removal of one hand from the hip, eyes opening,
touching the foam pad or ﬂoor surface with the non-test foot,
movement of the test foot or foam pad from its original position.
J.L. Whittaker et al. / Osteoarthritis and Cartilage 23 (2015) 1122e11291128VO2max (mlO2 kg1min1) values predicted from the Leger
20m shuttle runwere used to estimate aerobic ﬁtness55. This test is
a valid predictor of maximal VO2 uptake55,56 and has been shown to
have excellent test re-test relability in both youth (r ¼ 0.89) and
adult (r ¼ 0.95) populations55. Participants ran back and forth over
a 20-m distance to audio signals from an iPad (Apple Inc.) appli-
cation (Beep test trainer, www.iﬁttest.com) beginning at a speed of
8.5 km/h that was increased every minute by 0.5 km/h. The test
ended when the participant failed to reach the 20 m lines concur-
rently with the audio signals, on two consecutive occasions.
VO2max was predicted from the running speed on the last stage as
per Green et al.57.
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